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Abstract

The low-pressure-limit unimolecular decomposition of methane, CH4 (+ M) S CH; + H (+ M),
is characterized via low-order moments of the total energy, E, and angular momentum, J,
transferred due to collisions. The low-order moments are calculated using ensembles of classical
trajectories, with new direct dynamics results for M = H,O and new results for M = O, compared
with previous results for several typical atomic (M = He, Ne, Ar, Kr) and diatomic (M = H, and
N») bath gases and one polyatomic bath gas, M = CHs. The calculated moments are used to
parameterize three different models of the energy transfer function, from which low-pressure-
limit rate coefficients for dissociation, ko, are calculated. Both one-dimensional and two-
dimensional collisional energy transfer models are considered. The collision efficiency for M =
H,O relative to the other bath gases (defined as the ratio of low-pressure limit rate coefficients) is
found to depend on temperature, with, e.g., ko(H,O)/ko(Ar) = 7 at 2000 K but only 3 at 300 K.
We also consider the rotational collision efficiency of the various baths. Water is the only bath
gas found to fully equilibrate rotations, and only at temperatures below 1000 K. At elevated
temperatures, the kinetic effect of “weak-collider-in-/ collisions is found to be small. At room
temperature, however, the use of an explicitly two-dimensional master equation model that
includes weak-collider-in-J effects predicts smaller rate coefficients by 50% relative to the use of
a statistical model for rotations. The accuracies of several methods for predicting relative
collision efficiencies that do not require solving the master equation and that are based on the
calculated low-order moments are tested. Troe’s weak collider efficiency, £, includes the effect
of saturation of collision outcomes above threshold and accurately predicts the relative collision
efficiencies of the nine baths. Finally, a brief discussion is presented of mechanistic details of the
energy transfer process, as inferred from the trajectories.
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l. Introduction
Practical and accurate rate-coefficient calculations require generally-applicable and
validated theoretical models for thermochemistry, intramolecular dynamics (the specific or

microcanonical rate coefficients k(E.,J) associated with bond-breaking, isomerization, etc...), and
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collisional energy transfer. The multifarious efforts of the last few decades developing

electronic structure methods and codes,” along with new methods for treating vibrational
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anharmonicity, now allow for routine predictions of thermochemistry with “chemical
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accuracy” for molecular systems. Likewise, the continued development of transition state

theory'* (TST), including direct methods that couple with electronic structure calculations'>'®

and applications of TST to nontrivial reaction types, '*'*?°

allows for quantitative theoretical
descriptions of intramolecular kinetics for many kinds of molecular systems.”' Methods for
predicting collisional energy transfer are much less well developed. In fact, collisional energy
transfer is almost always treated empirically and with simple models in practical thermal
chemical rate-coefficient calculations." >

While high-level dynamical calculations of collisional energy transfer (e.g., inelastic
quantum scattering) may be carried out for small systems,** such calculations are prohibitively
expensive for molecular systems with more than a few atoms. The high internal energies and
long timescales involved in collisions relevant to thermal kinetics can preclude quantum
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scattering calculations even for small systems. Mixed quantum/classical methods show

promise of broadening the range of applicability of high-level calculations. Here we use classical
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trajectories to predict collisional energy transfer dynamics relevant to low-pressure

. . 32,33,34,35,36
unimolecular reactions.”™” ">

In addition to being a practical necessity for molecular
systems, the present use of classical mechanics may be formally motivated as follows: Thermal
low-pressure-limit unimolecular rate coefficients are likely to be most sensitive to low-order
moments of the total energy and total angular momentum transferred into and out of highly
rovibrationally excited states of the unimolecular reactant and not fine details (e.g., state-selected
transition probabilities) of the collisions.”””’ The expectation that these low-order moments are
well described by classical mechanics may be justified via the Ehrenfest theorem®® and
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semiclassical arguments,””"" although the quantitative validity of this assumption remains largely

untested for the present kind of application.



We have previously used classical trajectories to characterize the collisional energy
transfer involved in the low-pressure-limit and falloff rate coefficients for the reaction CH4 (+ M)
5 CH; + H (+ M) in eight baths.*"** At room temperature, the collision efficiencies were found
to be similar for all the baths considered except for Ne, which was relatively less efficient, and
H, and CH4, which were relatively more efficient colliders. Temperature dependence was
observed, with the relative collision efficiencies of the lighter baths increasing more with
temperature than those of the heavier baths. These results may be rationalized by noting that at
lower temperatures, where the relative kinetic energies are comparable to the interaction
energies, the strength of the target—bath interaction energy has some influence on the details of
the collisions. At higher temperatures, the differences in well depths for the different baths are
small compared to the relative kinetic energy, and the collision efficiencies are instead
influenced more by the collision frequency and therefore the mass of the bath gas collider.

The results of the trajectory calculations were used to parameterize a single-exponential-
down' master equation model for energy transfer with the “microcanonical strong-collider-in-J
model for angular momentum.*** This model has been called the “E,J”” model in past work, and
it requires a single low-order moment of the collisional energy transfer function: the average
energy transferred in deactivating collisions, a = <AEs>. Using values of <AE4> obtained from
the trajectory calculations and the E.J model, the resulting empirical-parameter-free pressure-
dependent rate coefficients were found to agree with available experimental results to within a
factor of two. The principal sources of error in these calculations may be identified as (1) the
neglect of vibrational anharmonicity in the state counts and partition functions of CH4 and (2)
simplifications in the model for the energy transfer function.

Troe and Ushakov also carried out a detailed theoretical study of the CHs (+ M) S CH; +
H (+ M) reaction.” Their treatment differed in several ways from our investigation. Notably,
they explicitly included vibrational anharmonicity corrections, and they used a different model
for pressure dependence. Their pressure dependent rate coefficients were found to be in very
good agreement with available experimental kinetics, with an empirical energy transfer
parameter just ~20% smaller than our calculated value. This difference is close to the expected
statistical error in the trajectory calculation and in the fitted analytic representation given by us
for a. Troe and Ushakov noted the lack of experimental and theoretical information regarding

the collisional efficiencies of M = H,O and O, in promoting methane dissociation. The principal



goal of the present work is to extend our previous theoretical characterizations of collisional
energy transfer in methane to include M = H,O and O,, two important colliders in combustion
applications.

Water has been shown experimentally to be a much more efficient collider than typical
atomic and diatomic baths. For example, water was found experimentally to be ~20 times more
efficient than Ar in promoting H,O decomposition*® as well as the H + O, association reaction.*’
Notably, significant temperature dependence in the relative collision efficiencies of M = H,O and
Ar was reported in the former reaction but not in the latter reaction. Despite these and other

: . . 26,27,48,49,50
systematic studies involving several bath gases,”**"***

the dependence of collisional energy
transfer dynamics on temperature, bath gas, and chemical structure of the unimolecular reactant
is not well understood. Another goal of the present study is to quantify some of these effects for
water relative to typical atomic and diatomic baths for methane dissociation, as well as to
validate the present potential energy surfaces and classical trajectory methods for studying these
trends.

The potential energy surface is often a significant source of error in trajectory
calculations of collisional energy transfer. Competing simplified functional forms have been

- 26,27,28,51,52,53,54
tested against one another,?®*"%>1:3%>%

and it has been shown that predicted low-order
moments depend most sensitively on the “softness” of the repulsive target—bath interaction but
are not significantly affected by the intramolecular description of the target (i.e., the
unimolecular reactant). We recently tested several analytical functional forms against full-
dimensional direct dynamics trajectory calculations.” These comparisons showed that while
typical simplified analytical functional forms could be reliably used to calculate low-order
energy transfer moments for atomic baths, the use of a separable and pairwise description of the
target—bath intermolecular interaction may introduce errors for systems with significantly
anisotropic intermolecular potentials.

One may expect significant orientation-dependence in the CH4 + H,O interaction
potential and for these anisotropies to be poorly described using simplified functional forms for
the intermolecular potential energy surface. Here, we do not attempt to parameterize a specific
interaction energy surface for CH4 + H,O. Instead, we validate a relatively inexpensive “scale all
correlation” (SAC) variant of MP2 against higher-level interaction energies and use it to carry

out direct trajectory calculations. While the use of direct dynamics with ab initio quantum



chemistry methods remains rare in trajectory studies of energy transfer, here it allows for the
full-dimensional anisotropic interaction potential to be realistically characterized. The significant
tradeoff of the present approach, of course, is the increased computational cost, and we do not
attempt to run the very large ensembles of trajectories required to elucidate fine details of energy

transfer with good statistics.’" '’

Instead, we focus on calculating low-order moments of the
total energy and total angular momentum transferred due to collisions, which can be usefully
converged with relatively small ensembles. The present approach is designed to enable the use of
high-level potential energy surfaces for characterizing energy transfer and for building practical
models of non-reactive collisions.

Finally, the effect of angular momentum on the unimolecular kinetics of methane
dissociation is considered and trends are identified for the different baths. The trajectory
calculations in principle allow for the parameterization of detailed energy transfer models, and
this work will be reported elsewhere.’® Here we use the trajectory results to parameterize three
simple energy transfer models that differ in their treatment of angular momentum: a one-
dimensional exponential down model (1D), a two-dimensional exponential down and
microcanonical strong-collider-in-/ model (2D/¢), and an explicitly two-dimensional, two-
exponential model (2D). The 1D model neglects angular momentum changes due to collisions.
The 2D/ model is the limit of the explicitly 2D model in which collisions are strong enough to
statistically equilibrate J at fixed E. The relative accuracies of the 1D and 2D/¢p models (which
have been called the “E” and “E,J” models elsewhere) have been discussed previously,** and
both models have been widely used. Explicitly 2D master equation calculations, on the other
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hand, are very rare.”®

Furthermore, here we consider the accuracy of various energy transfer
functions with parameters calculated via classical trajectories, whereas past work involving the
1D, 2D/, and 2D models has almost exclusively involved empirically-adjusted parameters.
While qualitative differences in the various models could be studied using such empirical
parameters, the present methods allow for an assessment of the predictive accuracy of the
various models, as well as an opportunity to quantify the kinetic effects of their different
approximations. Here, we quantify the “weak-collider-in-J” effect by comparing the results of
the 2D/ and 2D models for CH4 dissociation for several baths.

This paper is organized as follows. In Sec. I, details of the trajectory calculations and

potential energy surfaces are presented, including validation calculations of the SAC potential



energy surface for CHs + H,O and a new separable pairwise parameterization for M = O,. In Sec.
II1, several low-order moments of the total energy and total angular momentum transferred in
CH4 + M collisions are presented, and comparisons are made among the various baths. The low-
pressure-limit rate coefficient for methane dissociation in several baths is calculated using the
one-dimensional and two-dimensional master equation models discussed above. The quantitative
effects of the different models’ approximations are quantified and related to the efficiencies of
the bath gas colliders in equilibrating rotations. The collision efficiency of water is evaluated
relative to other baths by comparing low-pressure-limit rate coefficients. Several approximate
methods for calculating relative collision efficiencies are compared with the solutions of the
master equation and with Troe’s weak collider correction, f. Finally, mechanistic details of
collisional energy transfer for M = H,O are compared with other baths; this includes a discussion
of the cross section for collisional energy transfer and the likelihood of multiple collision

encounters. Section V is a summary.

Il. Theory

Potential energy surfaces. Direct dynamics trajectories for M = H,O were carried out
using a “scale all correlation” (SAC)® variant of MP2/aug-cc-pVDZ, with the SAC parameter
optimized to F' = 1.25. This value of " was optimized to best reproduce counterpoise corrected
QCISD(T)/CBS interaction energies along six CHs + H,O approaches, where the complete basis
set limit (CBS) was estimated using a two-point formula and the aug-cc-pVDZ and aug-cc-pVTZ
basis sets.

The QCISD(T)/CBS and SAC/aug-cc-pVDZ energies along the six approaches are
compared in Fig. 1. In the three approaches in Fig. 1(a), the O atom of water is oriented toward
CH,4 and approaches either a face, edge, or vertex of tetrahedral CHy4 at its classical equilibrium
geometry. For this set of orientations, the vertex approach is lowest at greater distances relative
to the other two approaches. In Fig. 1(b), a similar set of approaches is shown, but for water
oriented with one of its H atoms pointed toward CH,4. Here, the vertex approach is only weakly
bound at long range and is strongly repulsive at short distances, while the other two approaches
have shorter-ranged repulsive walls and lower energies. The significant orientation dependence
in these two sets of approaches is well reproduced by the SAC method. (We note again that these

anisotropies may be difficult to include accurately in simple analytic functional forms.) For the



five most attractive approaches, the SAC binding energies are within 15% of the higher-level
values. The sixth approach is relatively more repulsive than the others, as predicted by both
methods, although the SAC well depth is somewhat larger than the QCISD(T) value. Just as
important for the present application, both methods predict repulsive walls with similar shapes

and distances.
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Figure 1. CH4 + H,O interaction potential for face (black), edge (red), and vertex (blue) (a) “O-in” and (b) “H-in"
approaches. The solid lines in all four panels are QCISD(T)/CBS energies, and the dashed lines are SAC/aug-cc-
pVDZ energies. The insets highlight the van der Waals well.



For M = O,, a new separable pairwise parameterization was obtained for CH4 + O, using
the same strategy as previously employed** for M = Ha, Na, and CO. The intramolecular PES of
CH,4 was described via the “tight binding” (TB) parameterization of Wang and Mak;’' tight
binding is an efficient semiempirical method that is sometimes called extended Hiickel theory.
The one-dimensional intramolecular PES for triplet O, was obtained by fitting the results of full
valence MRCI+Q/CBS calculations to a modified Morse potential. The interaction potential was
described using cutoff “Buckingham” (exp/6) interactions for each pair of intermolecular atoms,
with parameters fit to reproduce high-level counterpoise corrected QCISD(T)/CBS interaction
energies calculated along six intermolecular CH4 + O, approaches. The fitted exp/6 interaction
energies are compared with the QCISD(T)/CBS energies in Fig. 2. In Fig. 2(a), O, is oriented
radially relative to CH4 and approaches the face, edge, or vertex of the CHy tetrahedron. Similar
approaches are shown in Fig. 2(b) where the O, is oriented perpendicularly to CHy4. Note that
there is less anisotropy for M = O, than for M = H,O, and the simplified separable pairwise
exp/6 interaction potential reproduces the high-level energies for M = O; fairly accurately.

Trajectory calculations. Ensembles of 500 direct trajectories for M = H,O and 10,000
trajectories for M = O, were prepared at each of four fixed bath gas temperatures 7 = 300, 1000,
2000, or 3000 K, with initial conditions as described in detail elsewhere.* Briefly, for each
trajectory CH4 was assigned an initial rotational state J' from a thermal distribution. The initial
total energy of CHa, E', was chosen to be a function of J' and close to the rotationally adiabatic
dissociation threshold. Within these constraints, the initial geometries and momenta were
determined microcanonically. For the molecular baths, the initial internal coordinates and
vibrational and rotational momenta of the baths were selected randomly and uniformly in time
from separate equilibration runs using an Andersen thermostat®® set to 7. The impact parameter b
was sampled uniformly from 0—bpax, With bax = 8 A for M = H,O at 7= 1000-3000 K and bpay
=9 A for M = H,0 at T =300 K and for M = O, at T = 300-3000 K. This bias* in b was
corrected for when calculating the low-order moments, as discussed below. The initial and final
center-of-mass separations of CH, + M were set to 11 A. At these separations, the bath molecule
does not interact appreciably with CHy4, and the final state of CH4 (£,J) may be calculated
unambiguously. The trajectory code (DiNT) and analytic potential energy surfaces used here are

available online.®*
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Figure 2. CHy + O, interaction potential for face (black), edge (red), and vertex (blue) (a) radial and (b)
perpendicular approaches. The solid lines are QCISD(T)/CBS energies, and the dashed lines are the fitted exp/6
energies. The insets highlight the van der Waals well.

Per-collision energy and angular momentum transfer moments of order » were calculated

from the trajectories as

n _ZHSN b n.
<AX >—Z—E\/ViAXt/N9 (1)

i=1
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where Zys is the hard sphere collision frequency evaluated for the collision diameter byax, Z is
the Lennard-Jones collision frequency, X = E or J, AX = X — X', N is the size of the ensemble, i

labels trajectories, and the weights w” =2b./b__ correct for the artificial sampling of the impact
) g i i/ Oma pling

parameter b. One-sigma statistical uncertainties are reported, as estimated using the bootstrap
resampling method.®>*® The per-collision moments in eq 1 are scaled to Lennard-Jones collision
rate coefficients, Z, which were calculated from Lennard-Jones parameters obtained using the
full-dimensional intermolecular potentials discussed above and the “one-dimensional
minimization” method of Ref. 67. This method was shown to predict collision rate coefficients in
good agreement with those based on tabulated Lennard-Jones parameters for a wide variety of
systems, typically within ~10%. The calculated Lennard-Jones parameters and collision rate
coefficients are summarized in Table 1. Also shown are approximate capture rate coefficients,
Zcap, calculated using the method of Ref. 68, which was found to be useful for characterizing the
kinetics of HO, (+M).” For the present systems, Zeap = (1.1-1.9) Z, with larger differences at
lower temperatures. We will primarily use Z as the chosen collision rate coefficient for scaling
the trajectory results, and a brief discussion of the effect of instead using Z., will be given

below.

Table 1. Calculated binary CH4 + M Lennard—Jones collision parameters (cm™ and A),
collision rate coefficients, and capture rate coefficients (10" cm® molecule™ s™)

M P o ZBO00K)  Zep (B00K)  Z(2000K) Zegp (2000 K)
He 2133  3.328 4.03 6.21 7.70 8.52

Ne 4675  3.308 2.80 478 5.12 6.56

Ar 1129  3.535 3.49 6.46 5.96 8.81

Kr 1386  3.644 3.62 6.77 6.06 9.29

H, 6948 3313 6.85 12.2 12.2 16.7

0,  99.00  3.634 3.69 6.92 6.37 9.49

N> 99.87  3.670 3.86 6.92 6.66 9.49
CH, 1024  3.797 4.68 8.61 8.07 11.8

H,O 153.9 3.392 4.07 7.66 6.75 10.5
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Equation 1 includes all of the trajectories in the ensemble, regardless of outcome. Some
models for energy transfer make use of “deactivating” or “activating” moments, where only
those trajectories with AX; < 0 or AX; > 0, respectively, are included. These moments will also be
presented and are labeled with the subscripts “d” for deactivating (downward) collisions and “u”
for activating (upward) collisions.

For sufficiently large bmax, the total moments in eq 1 converge with respect to increases in
bmax. The large-b trajectories necessarily give AX; = 0, such that, if by is increased, the resulting

lowering of the value of the summand in eq 1 is analytically corrected for via a corresponding

2
max

increase in Zys (o< b ). Some additional care is required in converging practical calculations of

the activating and deactivating moments with respect to bmax. For the analytic cancellation
discussed above to work correctly for activating and deactivating moments, the “zeros” at large b
must be equally distributed as small positive and small negative numbers. Small but systematic
integration errors can lead to uneven distributions and seemingly poor convergence of these
moments with respect to bmax. We emphasize that this issue cannot be conveniently fixed by
integrating the trajectories more accurately, as the large-b “zeros” have very small magnitudes at
the values of bmax considered here. Instead, we introduce a numerical cutoff parameter, JE, such
that when |AE)| < OE, AE; is reassigned evenly to either +0E/2 or —0FE/2. A similar cutoff
parameter, &J, is used to reassign small values of |[AJj|. Good convergence of the activating and
deactivating moments with respect to bmax Was observed with these cutoffs in place, so long as
O0X was set larger than typical integration errors. Several values of 0F and &J were tested, and the
resulting moments were not sensitive to this choice, as dX is much smaller than the calculated
moments. For the results reported in Sec. III, 3E =2 cm ' and 6J=0.02 7.

The per-collision moments in eq 1 are referenced to Lennard-Jones collision rates, as
discussed above. Although it is conventional to present collisional information this way, it is also

convenient to consider average collisional transfer rates, which are defined as

Fy =Z<AX">. )
Note that Z appears in eqs 1 and 2 in such a way that it cancels out when evaluating r,, using

trajectories—the calculated values of Iy are in fact independent of the chosen collision rate Z,

whereas the per-collision moments in eq 1 are not.
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The state-to-state collisional rate coefficient, k.(E,J;E'"J'). Within the usual statistical
assumptions about microcanonical ensembles, pressure-dependent rate coefficients are most

fundamentally characterized via the master equation, "

which describes the competition
between intramolecular dynamics (reaction, isomerization, etc.) and collisional activation and
deactivation. The collisional term appearing in the ME includes collisional state-to-state rate
coefficients, k..(E.J;E'J"), that describe the rate at which bath gas collisions knock the mt
chemical species from some internal state (£'.J") to some other state (E£,J), where E and J are the
total energy and total angular momentum, respectively. The reaction considered here contains a
single unimolecular species, CHa, and so the species index m is suppressed below.

By convention, k. is generally written as the product of a total collision rate coefficient,

Z, and a normalized state-to-state collisional transition probability, P(E.J;E"J"), where

Z=Y [dEk(E.JE'J), (3)

Z is assumed independent of the initial state, and
k.(E,J;E'.J"=Z P(E,J;E",J"). (4)
Instead of attempting a detailed characterization of k. or P, we restrict attention to low-

order moments of AE and AJ, which are related to P by*°

<AX" >= E f dEAX"g'(J)P(E,J;E",J") (5)
JJ'

where g'(J') is the initial rotational distribution and is taken here to be a thermal one. The
moments in eq 5 are not averaged over the initial energy, £, and instead E' is set to an energy
near the rotational threshold; this is equivalent to neglecting the dependence of eq 5 on E'. The
present strategy avoids difficulties in dealing with the elastic spike (corresponding to AE, AJ = 0)

2331 While it is true that Z can be

in trajectory reconstructions of binned representations of P.
made arbitrarily large by increasing the elastic spike, the moments defined in eq 5 depend on Z in
a trivial way so long as Z is not too small for similar reasons as discussed above for eq 1.

One can reconstruct useful representations of P from the calculated low-order moments

of AJ and AE (or of k. from r,__, and r

N ", ) by comparing egs 1 and 5,7 and several detailed
models will be considered in other work.”® The principal focus here is to quantify the collision
efficiency of water relative to the other baths using the calculated low-order collision moments.

We limit the present study to three simple models for P, as discussed next.
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The 1D model for P employs an exponential functional form and the “down” detailed-

32,34

balance and normalization convention, where

P xexp(-1AEl/a) (6)
for deactivating collisions, the activating wing of P is determined via detailed balance, « is set to
the calculated trajectory value of <AEs>, and J-dependence is not explicitly included. Our
implementation of this model (the “E” model of Ref. 44) is strictly one-dimensional as far as the
master equation is concerned. It includes J-dependence in the threshold energies, but collisions
involving changes in J are completely ignored. The one-dimensional (E-resolved) master
equation is solved to obtain phenomenological rate coefficients, as discussed elsewhere.

The 2D/¢ model for P also employs an exponential functional form for AE and includes
J-dependence using a microcanonical statistical model for the post-collision J distribution, ¢,
1e.,

Pxexp(-1AEl/a)p, (7)

again for deactivating collisions, with detailed balance and normalization enforced and o =
<AEg>. The 2D/¢ model®* is a “microcanonical strong-collider-in-/* model, where the
outcome of the collision is assumed to be statistical and independent of the initial rotational state
J'. The model should be distinguished from the “canonical strong-collider-in-/” model discussed
in Ref. 42, which was called the &J model there and might also be referred to as the 2D/®
model. The assumption in ¢ (or @) that P is independent of the initial rotational state reduces the
two-dimensional (£,J/-resolved) master equation to an effective one-dimensional one, which can
be solved by the same methods as the 1D master equation.’

Finally, we consider a simple example of an explicitly two-dimensional (2D) master
equation model, where

P xexp(-IAEl/a)exp(-1AJ | /y), (8)

and & and y are determined from <AEgs> and <AJg>. Similar two-dimensional forms have been

343859 Here we have used the strategy of Ref. 58 for enforcing detailed balance

used previously.
in the two-dimensional master equation along with the “symmetrized” convention for detailed
balance®' (as opposed to the “down” convention used in the 1D and 2D/¢ models). The low-
pressure-limit 2D master equation using eq 8 for P was solved by iteration of the steady-state

populations. When detailed balance and normalization are included, the 2D model in eq 8 is
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equivalent to the 2D/@ model in eq 7 (not eq 6) in the limit of large y. Because the symmetrized
convention for detailed balance is used in eq 8 and due to the lower bound on J of 0, the range
parameters in eq 8 are not equal to the values of the calculated deactivating moments. Instead, &

and y were fit such that eq 5 with eq 8 reproduced the calculated trajectory values of <AEs> and

<AJg>. More detailed 2D models for P will be considered in a separate publication.™

The term “relative collision efficiency” can mean different things in different contexts.”
This is in part because so little previous theoretical work has attempted quantitative predictions
of collisional energy transfer and the competing but related definitions are qualitatively similar.
In the context of building detailed chemical kinetic models (e.g., of combustion or atmospheric
chemistry), the relative collision efficiency is often expressed as a ratio of low-pressure-limit rate
coefficients,

ky(M)/ ky(Ar), (€))
where Ar has been used as the reference bath in eq 9. The relative efficiencies in eq 9 will in
general depend on the model for P used to calculate ko; we evaluate eq 9 using the 1D, 2D/¢, and
2D models discussed above.

Calculating eq 9 requires solving the master equation, and it is of interest to consider
approximate relative collision efficiencies that are simpler to evaluate. The 1D and 2D/¢ master
equation models require only the single collisional parameter «, which is set to the average
energy transferred in deactivating collisions, <AEs>. One might therefore also consider relative
efficiencies approximated as

<AE,>(M)/<AE, > (Ar), (10)
where, again, Ar has been used as the reference bath.

For sufficiently weak collisions and when angular momentum changes are neglected, one
can show that the low-pressure-limit rate coefficient depends sensitively only on the low-order
moments of AE.***” For numerical reasons and because AE is typically close to zero, AE” is more
convenient to work with than AE in the present context.*® Consequently, we also consider
approximate relative efficiencies given by

<AE* >(M)/ < AE* > (Ar). (11)
As discussed above, the definition of Lennard-Jones collision rates is conventional but

somewhat arbitrary. It may be more kinetically relevant to consider the per-time energy transfer
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moments than the per-collision moments in eqs 9 and 10 and so we also consider relative

efficiencies given by
nae, M)/ 1y (Ar) =Z(M) < AE, >(M)/ Z(Ar) < AE,, > (Ar) (12)
re M)/ 1. (AT) = Z(M) < AE* > (M)/ Z(Ar) < AE® > (Ar). (13)

The relationship between ky and low-order moments of the energy transfer function has

been analyzed in detail by Troe.”**

Troe found solutions to the master equation as corrections to
the strong-collider (SC) (in-E) rate coefficient. In the strong collider limit, eq 9 reduces to the
ratio of collision rates

Z(M)/ Z(Ar). (14)
Useful expressions for “weak collider” corrections to the SC rate coefficient have been given as
functions of low-order moments of AE.****** For very weak collisions (i.e., in the weak collision

or diffusion limit>""*

) and employing the single exponential down model with the range
parameter o = <AE4>, the relative collision efficiencies are given by eq 12. For stronger but still

weak collisions, the effect of saturation of collision outcomes above threshold must be

included,****** such as in the following expression given by Troe as a correction to the strong
collider rate coefficient’**
2
a
B.=|———| > (15)
a+F.k,T

where Ff is related to the thermal fraction of unimolecular states above the reaction threshold.
Using eq 15, the relative efficiencies in eq 9 are given by
ZpB.M)/Z B.(Ar). (16)

Equation 15 was obtained by considering solutions to the 1D master equation. Troe provided
analogous expressions for solutions to a version of the 2D master equation, but these are not
considered here.

The relative efficiencies defined by eq 9 and the approximations to eq 9 given by eqs 10—
13 are presented next in Sec. III. Newly reported results for M = H,O and O, are compared with
previously reported results* for M = He, Ne, Ar, Kr, H,, N, and CHs. New ensembles of
trajectories were calculated for several of the previously considered baths, and more detailed

collisional transfer moments are reported here than previously. The bath M = CO was previously
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considered, but detailed new results for M = CO are not included here due to significant

.. .. . . . . . 42
uncertainties in its potential energy surface parameterizations, as discussed previously.

lll. Results and Discussion

Calculated first and second moments of AE are shown in Table 2 for M = H,O and O,.
The relatively small ensemble size for the direct dynamics trajectories for M = H,O is sufficient
to converge the moments to ~10%. Similar tables summarizing the results of trajectory
calculations for the previously studied baths are included as supporting information; the new
trajectory results agree with those reported in Ref. 42 subject to their statistical uncertainties and
small differences in the choice of Z in the two studies. Trends in the magnitude and temperature
dependence of the energy transfer moments for CH4 + M calculated using the trajectory methods
described in Sec. II have been discussed in detail previously,” and such a discussion is not
reproduced here. Instead, we note that the present results for the newly considered baths
generally agree with the previously reported trends. Briefly, the calculated energy transfer
moments for M = O, are very similar to those for M = CO and N,. The energy transfer moments
for the polyatomic collider M = H,O are larger than those for the atomic and diatomic baths and
are close to, but typically larger than, those previously reported for another polyatomic collider

M= CH4.

Table 2. Low-order collisional energy transfer moments (cm™) for M = H,0 and O,

1 1 1
M T, K —<AEp <AE,> <AE>" <AE/>" <AE>>"

H,O 300 737+ 85 289 £33 541+ 53 686 + 74 269 + 37
1000 1265+ 125 683 + 66 813 £57 990 + 92 607 + 48
2000 1846+209 1189+106 1348+146 1637+ 231 961 + 77
3000 2333+176 1598+107 1840+119 2185+ 187 1370 £ 97

O, 300 167 +2 129+ 2 167 +2 181 +3 151 +2
1000 329+ 6 3135 3915 401 £8 382+ 7
2000 573 +11 541+ 10 695+9 710 + 14 680 = 13

3000 809 +15 775+ 14 988 + 14 1010+ 20 966 + 20
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The 1D and 2D/¢ models require the single parameter a = <AE4>, which is often written
as the two-parameter expression
o(T) = 03, (T /300K )™ . (17)
The trajectory-based moments in Table 2 are reasonably well represented by eq 17 with a3 =
720 cm ' and n, = 0.5 for M = H,O and azp0 = 140 cm ' and n, = 0.76 for M = O,. This
temperature dependence for M = O, is consistent with that of M = N, and CO (also fit with n, =

0.76 in Ref. 42) and is similar to that of the heavier atomic baths (results for Ar and Kr were fit

with n, = 0.75 and 0.67, respectively). The lighter baths show a stronger temperature
dependence, with n, = 0.95 for M = He and n, = 0.83 for M = H,. The weakest temperature

dependence is found for the polyatomic baths, with M = H,O featuring somewhat less

temperature dependence than M = CHy4 (n, = 0.6).

Table 3. Low-order collisional angular momentum transfer moments (7) for M = H,O and

o M T,K —<AJp> <AJ> <AJP>" <AJS>" <AJ "

H,O 300 336039 4.43+0.33 3.67+0.19 2.68+030 4.18+0.25
1000 5.56 +£0.64 429 +£0.32 422+0.23 426+ 041 4,19 £0.27

2000 596+0.64 4.89+043 5.02+0.32 5.07£0.51 498 +0.41

3000 6.88 +£0.56 5.97+0.38 6.12+0.32 6.18+0.44 6.07+0.44

0, 300 2.28+0.04 3.14+0.04 2.96+0.03 2.44 4+ 0.04 3.33+0.04
1000  2.99 +0.05 3.28 +£0.05 3.58 £0.04 3.40 £ 0.06 3.74 £ 0.06

2000 3.72+0.07 4.00+0.07 4.48+0.05 430+0.07 4.65+0.08

3000 442 +0.08 4.54 +0.08 5.19+0.07 5.16+0.10 5.22 +£0.08

Low-order moments of AJ were not previously reported in Ref. 42. Other workers have

25,31,53,54

calculated similar quantities using classical trajectories, and the role of angular

momentum in unimolecular reactions has been discussed in detail 3!3+324344

Here we quantify
some of the effects of angular momentum on unimolecular reactions using the collision models
discussed above along with calculated angular momentum transfer moments. Table 3 presents

first and second moments of AJ for M = H,O and O,, with results for the other baths again
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included as supporting information. The magnitudes of the low-order moments of AJ vary from
2-8 & and increase with temperature. Notably, the low-order moments of AJ vary less with the
choice of bath gas than those of AE. M = H,O is generally a stronger collider in J than the other
baths. M = He, Ne, and sometimes H, feature slightly stronger temperature dependence than the
other baths for the moments of AJ. Overall, baths other than M = H,O are qualitatively similar to
one another in their predicted total angular momentum transfer moments.

The 2D collision model discussed above (eq 8) was parameterized to reproduce the

calculated values of <AJs> and <AE¢>. A two parameter (y300 and n,) expression for y = <AJs>

analogous to the one used for o in eq 17 was adopted here to allow for convenient comparisons
of the different baths. Results for M = He show the strongest temperature dependence in y with

the trajectory values reproduced well by y300 = 1.84 7 and n, = 0.41. Results for M = Ne show
somewhat weaker temperature dependence, with y300 = 2.05 7 and n, = 0.35. The other baths
are reproduced reasonably well with n, = 0.30 and y300 = 2.05, 2.05, 2.00, 2.15, 2.15, 2.15, and

3.60 i for M = Ar, Kr, Hy, N, O,, CHy, and H;O, respectively. The most notable result for y is
that M = H,O is qualitatively a stronger collider in J than the other baths, while the other baths
are similar to one another in their collision efficiencies in J. The collision efficiency in J appears
to be independent of the strength of the collider in E. For example, M = CHy is qualitatively a
stronger collider in £ than the atomic and diatomic baths, but it is very similar to the atomic and

diatomic baths in its collision efficiency in J. Another notable result is that the fitted values of n,
range from 0.3-0.4, whereas n, varies from 0.5-1.0. The different temperature dependence of o

and y gives rise to a temperature-dependent weak-collider-in-J effect, as quantified below.
In Fig. 3, the calculated values of <AJ4> for M = He, O,, and H,0O are compared with two

analytic limits for <AJg>. One may write a simple analytic expression for <AJg>
© J'
<A, >= [dI'g' () [dig()) AT, (18)
0 0

where g'(J") is the initial distribution of angular momentum, which, as in the trajectory
calculations is taken to be a thermal distribution, and g(J) is the final distribution of angular

momentum that results from the collisions. (Note that one might choose to write eq 18 using
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sums instead of integrals; the meaning of eq 18 would be unchanged.) The first analytic limit we
consider is a microcanonical statistical one with

g(J)x p(E,;,J), (19)
where p(E,,J) is the rovibrational state density of CHy4 evaluated at the rotationally adiabatic

threshold for dissociation E;. The second analytic limit assumes a thermal distribution of
independent rotations for g(J). One expects the maximum possible value of <AJs> calculated via
the trajectory ensembles used here to be related to the thermal limit, whereas the microcanonical
statistical limit might be more relevant to the 2D/ model. As shown in Fig. 3, the
microcanonical and thermal limits are similar to one another, and we focus the present discussion
on comparisons with the microcanonical statistical limit. At 300 K, the trajectory-based values of
<AJg> are 30-60% of the microcanonical limit for all the baths considered here except for M =
H,O, for which the calculated value of <AJs> is close to the microcanonical limit. The trajectory-
based value of <AJg> at 1000 K is again very close to the microcanonical limit for M = H,O and
is only half that value for the other baths. At higher temperatures, the calculated values of <AJg>
for M = H,0O deviate from the microcanonical limit but are still twice as large as those of the

other baths.

ﬁ | ® M=He
10 | A M=0,
® M=H,0
9 T - - microcanonical _
< 8 [ —thermal e
/\; 7r - i
Fe| t
VESF 7z ]
4 F o | = e W A
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1 i i . e : ;

0 500 1000 1500 2000 2500 3000
Temperature, K
Figure 3. <AJs> calculated via classical trajectories for three baths (He: black squares; O,: red triangles; H,O: blue

circles) and the associated two-parameter fits (dotted lines). The thick lines are the microcanonical (dotted) and
thermal (solid) limits.
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Again, water is qualitatively more efficient than the other baths in equilibrating rotations.
Below 1000 K, water is efficient enough to fully equilibrate rotations, whereas above 1000 K
microcanonical statistical assumptions (as in the 2D/¢ model) for the rotational distribution
resulting from M = H,O collisions may not be supported. Statistical assumptions for the other
baths may be similarly questioned, even at low temperatures. We will see next, however, that the
kinetic effect of these weak collisions “in J” can be small even when the calculated value of
<AJg> is not close to its statistical limit.

Low-pressure-limit rate coefficients were calculated using the three models for P
discussed above: the one-dimensional (1D) model; the two-dimensional (2D/@) model, which
employs a microcanocial statistical model for J; and the two-dimensional (2D) model of eq 8,
which explicitly includes weak-collider-in-J effects. Here, we limit attention to the baths M =
He, O,, and H>O when comparing the results of the three models for P. The calculated values of
ko using the 1D and 2D/¢ models are shown in Fig. 4 relative to ko for the 2D model as functions
of temperature. The 1D model overpredicts the 2D value of k for all three baths by as much as a
factor of 6 at low temperatures. The magnitude of this effect is similar to but somewhat larger
than differences in the 1D and 2D/ models reported previously.**”>®7"7%" The 2D/ model is
a significant improvement over the 1D model and differs substantively from the 2D model only
at low temperatures for M = He and O,. As discussed above, the trajectory-based values of
<AJg> are close to their statistical limits for M = H,O at low temperatures but not for M = He
and O,. Figure 4 confirms that the results of the 2D/@ and 2D models are in very close agreement
with one another for M = H,O at low 7, whereas there are non-negligible differences at low 7 for
M = He and O; due to incomplete collisional rotational equilibration. The 2D/¢ and 2D values of
ko are very similar to one another above ~1500 K, however, for all three baths, even though the
trajectory values of <AJg> are not close to their statistical limits at these temperatures. This

suggests that the weak collider in J effect is less important at higher temperatures.
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Figure 4. Low-pressure-limit rate coefficients for the 1D model (solid lines) and the 2D/@ model (dotted lines)
relative to those for the 2D model for three baths: He (thin black lines), O, (red lines), and H,O (thick blue lines).
The vibrational anharmonicity correction (f,,,) for CHy dissociation (taken from Ref. 6) is shown as a thick orange
dashed line.

In summary, while Fig. 3 demonstrates that rotations are not fully equilibrated at elevated
temperatures for any of the baths or at low temperatures for any of the baths other than water,
Fig. 4 demonstrates that the kinetic effect of weak collisions in J is significant only at low
temperatures. The 2D/¢ model is therefore accurate for many applications, including many
combustion applications. At room temperature, however, where theoretical/experimental
comparisons are often made, more detailed theoretical models may be required for quantitative
predictions.

Low-pressure-limit and pressure-dependent falloff rate coefficients calculated using the
2D/@ model and trajectory-based values of a were previously compared* with experimental rate
coefficients for M = He, Ar, and CH4. Agreement was good overall, but we noted that a more
accurate treatment of vibrational anharmonicity would have increased the low-pressure-limit rate
coefficient by a factor of two, which would have resulted in worse agreement with experiment
for M = He at low temperatures but better agreement for M = Ar at elevated temperatures. Figure
4 includes a plot of the temperature dependent rovibrational anharmonicity correction to ko, fann,
taken from Ref. 6. This correction is equal to the rovibrational anharmonicity correction to the
state density of CHy4 at its dissociation threshold divided by the correction to the thermal partition

function of CH4. For M = He at 300 K, the error due to the neglect of vibrational anharmonicity
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is nearly equal to the error due to the use of the statistical assumption for J, i.e., due to the use of
the 2D/ model. These errors have opposite signs such that the neglect of both of these effects in
the calculations of Ref. 42 explains the previous excellent agreement with the experiment. The
error due to the weak-collider-in-J effect differs for the three bath gases and falls off more
quickly with temperature than the error associated with the neglect of vibrational anharmonicity.
One may therefore expect the calculations reported in Ref. 42 to underpredict experiment at
elevated temperatures for M = He and for other baths; these qualitative trends were indeed
observed. Clearly, the near quantitative cancellation demonstrated here for M = He at 300 K
cannot be relied upon in general.

Next, the collision efficiency of water is compared with eight other baths. In Fig. 5,
relative values of 4y at 300 and 2000 K are shown for nine baths with M = Ar chosen as the
reference bath. Several models for ky were considered. Although there can be significant
differences in the values of kg calculated using the 1D, 2D/¢, and 2D master equation models (as
discussed above and shown in Fig. 4), the relative values predicted by the three models are very
similar to one another for all the baths except for M = H,O and CH4 at 300 K. Differences in the
predictions of the 1D and 2D models are generally more significant for larger values of a/kzT,
which explains the larger discrepancy seen here for M = H,O and CHj, at low 7.

As shown in Fig. 5, Troe’s weak collider model (with relative efficiencies given by eq
16) very accurately predicts the 1D master equation results, as it was designed to do. As noted
above, Troe also formulated approximations to the 2D master equation,’> but we have not
considered them here. At 300 K, the calculated values of S range from 0.15-0.20 for all the
baths except M = CHy (. = 0.37) and M = H,O (B = 0.60). At 2000 K, . = 0.04-0.08 for all the
baths except M = CHy (. = 0.13) and M = H,O (B. = 0.27). We conclude that for sufficiently
weak collisions (say, for . < 0.2) the 1D formulation of the master equation and Troe’s analytic
solution to it may be used to reliably calculate relative collision efficiencies. For stronger
collisions (. > 0.2), solving a 2D formulation of the master equation may be required for

quantitative predictions.
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Figure 5. Relative collision efficiencies (ko(M)/ko(Ar)) for three master equation models (1D, 2D/¢, and 2D), for the
strong collider model (SC), and for the weak collider model of Troe (Z £.) at (a) 300 K and (b) 2000 K. Also shown
are the results of the weak collider model calculated using Z,, and the relative low-order moments <AE* and
<AEs>. The low-order moments have been scaled by Z for a more meaningful comparison with k.

Relative values of the strong collider (SC) rate coefficient are equal to the relative values
of the collision rates (Z) (eq 14) and are not useful in predicting relative collision efficiencies, as
shown in Fig. 5. This information can be useful, however, for identifying the relative importance
of two different sources of enhanced collision efficiency. Enhanced collision efficiency may be
attributed to enhanced energy transferred per collision, more collisions per time, or both. At 300
K, for example, M = H; is twice as efficient as M = Ar, which is correctly predicted by the
relative magnitudes of Z for these two baths. M = H,O is also twice as efficient as M = Ar at 300

K, but Z(H,O0)/Z(Ar) is close to unity. We may attribute the enhanced efficiency for M = H,
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relative to M = Ar to an increase in the collision frequency due to its lighter mass, whereas the
enhanced efficiency for M = H,O relative to M = Ar is attributed to an increase in the energy
transferred per collision. We note that inherent ambiguities in the definition of a collision
complicate quantifying the relative importance of these two effects.

As discussed in Sec. 11, it may be preferable to use a capture rate coefficient (such as the
approximate capture rate coefficients, Z.,,, of Refs. 68 and 69) to scale the trajectory results
instead of the Lennard-Jones collision rates, Z. The results of Troe’s weak collider model using
Zcap are shown in Fig. 5. To obtain these results, . was recalculated using values of <AEs>
obtained via an equation analogous to eq 1 but with Z,, in place of Z. As seen in Fig. 5, relative
collision efficiencies obtained using Z,, are very similar to and occasionally slightly larger than
the results obtained using the Lennard-Jones collision rate coefficient, Z. We may conclude that
relative collision efficiencies are fairly insensitive to the choice of the collision rate coefficient
used to scale the trajectory results.

The per-collision energy transfer moments in eqs 10 and 11 are poor predictors of
ko(M)/ko(Ar) due to the neglect of the effect of Z on ky for the reasons given just above. The
results of eqs 10 and 11 are therefore not plotted in Fig. 5. Because eq 10 is sometimes used to
approximate relative efficiencies, we note that including the effect of Z when calculating relative
collision efficiencies (as in eq 12) systematically improves the accuracy of the estimated relative
values of ko as compared with eq 10.

The results of eqs 12 and 13 are shown in Fig. 5. These methods can be qualitatively
useful in predicting the results of the more complete calculations, but neither scaled moment is
predictive. In fact, the relative values of Z <AE™> are significantly in error for the stronger
colliders at 300 K, predicting an enhancement of 14 instead of 3 for M = H,O relative to M = Ar.
In contrast, the value of Z <AEs> for M = H,0 relative to M = Ar is 50% too small at 2000 K.
Again, Troe’s formulation, which involves a simple function of <AEs> (eq 15) and requires only
slightly more effort than eq 12 to evaluate due to F, is systematically more accurate than either
eq 12 or 13.

M = H,O is the strongest collider considered here, with low-pressure-limit rate
coefficients that are 3—7x larger than those for M = Ar. The relative efficiency varies as a
function of temperature and, perhaps surprisingly, larger differences are found at higher

temperatures. The trend with temperature is not predicted correctly by the trends in the scaled
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low-order energy transfer moments, as shown in Fig. 5. This discrepancy (and the poor
performance of the low-order moments in predicting relative collision efficiencies in general)
may be explained by noting that, for strong enough colliders, the number of states above
threshold limits the dissociation rate, at least partially. This effect is included in the expression
given by Troe for S (eq 15), where it can be seen that for weak colliders (a << FgkpT) f. (and
therefore ko) is proportional to o, whereas for stronger colliders (@ > FgkzT) B varies with o
less than quadratically. For the present systems, FzkzT = 220 and 1900 cm ™' at 300 and 2000 K,
respectively (taken from Ref. 7). The present values for a and FgkgT cause S, to vary
approximately linearly with a for the weaker colliders and less than linearly with o for the
stronger colliders. Properly accounting for the saturation of collision outcomes requires either
solving the master equation or using an approximate analytic solution to one, such as Troe’s f3..

As noted in the Introduction, the collision efficiency of water has been found to be as
much as 20x as large as typical atomic and diatomic baths for some systems, such as H,O (+
H,0)* and HO, (+ H,0).*” This “water enhancement effect” is much larger than the
enhancement reported here of only 3-7x. Systems such as H,O and HO, have stronger
interactions with water (arising from dipole-dipole interactions, hydrogen bonding, etc...) than
those for CHs + H,O (which features a much weaker dipole-induced-dipole interaction). The
relative collision efficiencies reported here for H,O may then be lower bounds on what may be
expected generally for polar systems.

Next, a brief mechanistic discussion of the CHs + H,O trajectories is presented, and
comparisons are made with CH4 + He and CHy4 + O, trajectories. We first quantify the impact
parameter dependence of the cross section for collisional energy transfer by binning and
averaging the calculated values of AE for deactivating collisions as a function of b. The resulting
binned values of <AE4(b)> are shown in Fig. 6 for the three baths at two temperatures. The
binned averages in Fig. 6 are normalized such that the total energy transfer averages in Table 2
are related via

<AE, >= %wa <AE,(b)>/IN,, (20)
Ll &

where k labels the Nj (= 8) bins, the bin width is 1 A, and w] =2b,/8A corrects for the

artificially uniform sampling of b.
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Figure 6. Binned average energy transferred in deactivating collisions as a function of impact parameter at (a) 300
K and (b) 3000 K for three baths: He (black squares), O, (red triangles), and H,O (blue circles). The bin width is 1
A. Due to the statistical uncertainty in the results for M = H,O, the thick dashed line was fit to the binned results.

At 300 K (Fig. 6(a)), M = H,O collisions with appreciable energy transfer are much
longer-ranged than those for the other baths, occurring with impact parameters as large as ~6 A.
In addition to this larger collisional energy transfer cross section, M = H,O collisions also feature
stronger “head on” (small b) collisions than the other baths. For M = He and M = O, small-b
collisions transfer ~150 cm™' on average in deactivating collisions, while for M = H,O small-b
collisions are more than twice as strong. Together, these two effects account for the ~5x larger
value of <AEs> calculated for M = H,O than for M = He and O,. We note that M = He and O,,
which have similar overall collision efficiencies at 300 K, have somewhat different collisional
energy transfer cross sections. The small-b collisions for M = He are somewhat stronger than
those for M = O,, while the collisional energy transfer cross section for M = He is shorter ranged
than that for M = O,. These effects largely cancel, and this is one example of how highly-
averaged properties (such as thermal rate coefficients, ky) do not necessarily depend in simple

ways on the various details of the collisions.
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At 3000 K (Fig. 6(b)), M = H,O is again the strongest collider at small b as well as the
collider with the longest-ranged collisional energy transfer cross section. M = H,O is 2x as strong
of a collider as M = O, for small b, but, unlike the results at 300 K, small-b collisions for M = He
are closer to those of M = H,O than M = O,. Again, the shorter-ranged collisional energy transfer
cross section for M = He results in similar tofal moments for M = He and O,.

As shown in Fig. 6, in addition to featuring a longer-ranged collisional energy transfer
cross section, M = H,O also features stronger individual collisions. One might associate these
stronger collisions with the deeper van der Waals wells on the interaction potential for M = H,O
relative to the other baths (see Figs. 1 and 2 and those in Ref. 42). Strong enough interactions
may in fact temporarily “capture” the bath gas and lead to multiple collisions. To quantify this
effect, we counted the number of inner turning points of the center-of-mass separation of CHs—M
along each trajectory (i.e., we counted the number of “bounces” per collision) for M = H,0, O,
and He at two temperatures.

At 300 K, fewer than 5% of M = H,O collisions bounced more than once. Neglecting
these collisions reduced the calculated value of <AE4> by only 14%, which is close to the
statistical uncertainty of <AEs>. Only 1.5% of M = H,O collisions were strong enough to remove
more than 1000 cm ™' from CHy, and half of these were “direct” collisions, bouncing only once.
The two strongest deactivating M = H,O collisions (i.e., those with the two largest negative
values of AE) did show multiple collisions. These trajectories were the only ones to remove more
than 1500 cm™' from CHy and bounced 11 (AE = 2474 cm ') and 14 (AE = 1831 cm') times.
The importance of so-called supercollisions (i.e., rare but strong collisions comprising the “long
tail” of P) and their relationship to these “chattering” collisions have been discussed
previously, 2554808182

As may be expected due to their weaker interaction potentials, similar analyses for M =
He and O; at 300 K find far fewer indirect trajectories than for M = H,O, with only 0.2% of M =
He trajectories and 0.5% of M = O, trajectories bouncing more than once. The few trajectories
that did bounce more than once for M = He and O, did so only 2—4 times, which is not
necessarily indicative of the chattering mechanism.

At 1000 K and above, multiple collision trajectories were not identified for any of the

baths, including M = H,O. We conclude that while one can identify multiple collision trajectories
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at low temperature for M = H,O but not for the other baths, this mechanism occurs too
infrequently to explain the enhanced energy transfer for M = H,O.

Some workers have developed statistical models for collisional energy transfer (see, e.g.,
Ref. 83 and the discussion therein). For the systems considered here, the above analysis indicates
that direct collisions dominate the overall energy transfer dynamics and that statistical models of
energy transfer may not be accurate. Statistical models may be more appropriate for larger

systems, systems with stronger interactions, and collisions at lower temperatures.

V. Conclusions

Trajectory calculations of CH4 + M collisions were carried out for ensembles relevant to
the unimolecular dissociation of CH4. The low-pressure-limit rate coefficient was characterized
via calculated trajectory-based low-order moments of the total energy, E, and angular
momentum, J, transferred due to collisions. Direct trajectory results for M = H,O were compared
with results for M = O, and with previous results for several baths, M = He, Ne, Ar, Kr, Hy, N,
and CH4. Trends in the calculated energy transfer moments were found to be consistent with
those reported in past work: the energy transfer moments for the polyatomic collider M = H,O
were larger in magnitude and showed relatively less temperature dependence than those for the
atomic and diatomic baths.

Moments of the angular momentum transferred due to collisions were discussed in detail.
Specifically, we found that stronger collisions in £ do not necessarily result in stronger collisions
in J. M = H,O was shown to be a much stronger collider in J than any of the other baths. In fact,
M = H,O0 collisions fully rotationally equilibrate J below 1000 K, whereas the other baths do not.
Above 1000 K, J was shown to be not fully equilibrated via collisions for any of the baths.

The kinetic effect of these “weak-collider-in-/” collisions was quantified. Specifically,
the calculated trajectory moments were used to parameterize three different models of the energy
transfer function: a 1D model where angular momentum changes due to collisions are neglected,
a 2D/ model where collisions are assumed to fully equilibrate rotations at fixed energy, and an
explicitly 2D model that includes weak-collider-in-J effects. In agreement with previous work,
the use of the 1D model was found to lead to significant errors in ko, shown here to be as large as
a factor of 6 at low temperatures. The microcanonical-equilibrium assumption for the rotations

(i.e., the 2D/ model) was found to be very accurate, even when the calculated angular
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momentum transfer moments are not close to their statistical limits and particularly at elevated
temperatures. At room temperature, however—where experimental information is often
available—the use of the explicitly 2D master equation model resulted in smaller rate
coefficients by 50% relative to the 2D/¢ model. This error is on the order of other significant
errors in typical kinetics calculations, such as the neglect of vibrational anharmonicity.

The relative collision efficiency for M = H,O was shown to depend on temperature and to
vary from 3-7 from 300-3000 K, where M = Ar was chosen as the reference bath. The
magnitude of the present collision efficiency enhancement for water in promoting methane
dissociation is smaller than what has been reported elsewhere for other reactions (e.g., H,O
(+H,0) and HO; (+H,0)), where values as large as 20 have been reported. Because methane is
nonpolar and roughly spherical, the present relative collision efficiencies for water may be lower
bounds on its general relative collision efficiency. The stronger interactions of H,O with polar
systems and the presence of hydrogen bonding may enhance energy transfer.

Practical detailed chemical kinetic models can require collisional efficiencies for a large
number of pressure-dependent reactions. We therefore tested the accuracy of methods for
predicting collision efficiencies from the trajectory-based low-order moments that do not require
solving the master equation. Troe’s weak collider efficiency, f., which includes the effect of the
number of states above threshold, very accurately predicted the relative collision efficiencies of
the eight baths. Simpler functions of the low-order moments were found to be qualitatively
useful, but were not generally predictive, particularly for the stronger colliders (5. > 0.2).

A discussion of mechanistic details related to energy transfer inferred from the
trajectories was given for M = H,O, O, and He. M = H,O was shown to have both a longer-
ranged collisional energy transfer cross section and stronger “head on” collisions. The
trajectories were further analyzed by quantifying the importance of the “multiple collision” or
“chattering” mechanism relative to direct single collision energy transfer. Trajectories associated
with the former mechanism were identified for M = H,O at 300 K, but their frequency was too
low to explain the enhanced energy transfer per collision for M = H,O. No multiple collision

trajectories were found above 300 K for M = H,O and at any temperature for the other baths.
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CH,, and H,O. This information is available free of charge via the Internet at http://pubs.acs.org.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

CH4 + H,O interaction potential for face (black), edge (red), and vertex (blue) (a) “O-in”
and (b) “H-in” approaches. The solid lines in all four panels are QCISD(T)/CBS energies,
and the dashed lines are SAC/aug-cc-pVDZ energies. The insets highlight the van der
Waals well.

CH4 + O, interaction potential for face (black), edge (red), and vertex (blue) (a) radial
and (b) perpendicular approaches. The solid lines are QCISD(T)/CBS energies, and the
dashed lines are the fitted exp/6 energies. The insets highlight the van der Waals well.
<AJg> calculated via classical trajectories for three baths (He: black squares; Os: red
triangles; H,O: blue circles) and the associated two-parameter fits (dotted lines). The
thick lines are the microcanonical (dotted) and thermal (solid) limits.

Low-pressure-limit rate coefficients for the 1D model (solid lines) and the 2D/ model
(dotted lines) relative to those for the 2D model for three baths: He (thin black lines), O,
(red lines), and H,O (thick blue lines). The vibrational anharmonicity correction (fann) for
CHy,4 dissociation (taken from Ref. 6) is shown as a thick orange dashed line.

Relative collision efficiencies (ko(M)/ko(Ar)) for three master equation models (1D, 2D/,
and 2D), for the strong collider model (SC), and for the weak collider model of Troe (Z
Be) at (a) 300 K and (b) 2000 K. Also shown are the results of the weak collider model
calculated using Z,, and the relative low-order moments <AE*> and <AEg>. The low-
order moments have been scaled by Z for a more meaningful comparison with k.

Binned average energy transferred in deactivating collisions as a function of impact
parameter at (a) 300 K and (b) 3000 K for three baths: He (black squares), O, (red
triangles), and H,O (blue circles). The bin width is 1 A. Due to the statistical uncertainty
in the results for M = H,0, the thick dashed line was fit to the binned results.
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